The scientific history of the Ramachandran plot is reviewed, emphasizing relationships to the title theme and to trends in current research. The growth and quality of macromolecular structure data have enabled the understanding of relationships with further variables and the application to an ever-widening set of uses such as prediction, simulation, design, motif identification, and structure validation and improvement. Then a current research example is explored, using a new dataset of 8000 selected protein chains and >1.5 million qualityfiltered residues. The new Ramachandran plots show an unprecedented level of detail, allow the valid addition of more subcategories and more dimensions, and point the way toward the feasibility of an essentially complete and robust treatment of torsional conformation in the near future.
Historical Introduction
This volume celebrates the 50th anniversary of the 1963 paper by Ramachandran, Ramakrishnan, and Sasisekharan 1 that introduced the "Ramachandran plot" of the φ vs ψ backbone torsion angles for protein structures. The concept of that plot was recognized as groundbreaking very early on, and has continued to be of central importance for the understanding of protein structure, energetics, and folding. The two dimensions of the Ramachandran plot are necessary and sufficient to encapsulate the primary relationships: necessary because φ and ψ do not show meaningful preferences individually but only work as a joint distribution; sufficient because the approximation of ideal geometry and trans planar peptides is close enough that further effects are second order. The residue-centric φ,ψ plot is much more informative than a peptidecentric ψ,φ plot because the dominant steric interactions occur between adjacent peptides. And, given that they are the right two dimensions, such a plot is suited to be easily shown, intuitively understandable, and even iconic.
Early Developments: Conventions, Calculations and Turns
The basic Ramachandran plot illuminates protein conformation by outlining the allowed conformations of the Ala dipeptide. In 1963 there were no established standards for the conventions and nomenclature of the conformational variables, and the original paper chose to call the backbone torsion angles φ and φ', with definitions suited to the dipeptide rather than generic: 0° in the trans position for φ but in cis for φ', giving a flat and near-symmetric reference conformation, with values defined from 0° to 360° and the plot origin at lower left. On the original Ramachandran plot, those conventions put extended conformation in the lower left quadrant and helix in the upper left. In 1966, standards were established that uniformly used trans as the 0° reference state, which produced a Ramachandran plot that looked the way it does now but kept the origin at lower left (e.g. see Watson 1969 2 or Dickerson & Geis 1st edition 3 ). In 1970, the IUPAC-IUB Commission report 4 redefined the reference for all torsions as cis with values from -180° to +180° to match chemical nomenclature, which gave the same Ramachandran plot appearance but with the origin at the center, so that mirror-image conformations have since then been symmetric around the origin. Figure  1 shows the modified hard-sphere Ramachandran contours 5 on the modern axes, with regions such as α, β, 3 10 , Lα, bridge, etc. labeled.
Note that the original Ramachandran plot contours were calculated from hard-sphere sterics for the inner "fully allowed" contours and with slightly smaller atomic radii for the "outer limits". Conclusions were drawn about the acceptability of various proposed backbone conformations, such as showing that left-handed α-helix is much less stable than right-handed. It was mentioned that changes in τ (the N-Cα-C bond angle) could make a difference, and a modified φ,ψ plot was published later by Ramachandran and Sasisekharan 5 showing the bridge of added conformations between α and β that are allowed if τ is opened up (foreshadowing an extra dimension now gaining use). In 1963 there was empirical confirmation of specific allowed conformations from a few small peptide crystal structures. The 1960 myoglobin structure 6 was not used or even mentioned, because the coordinates were not available and so φ and ψ could not be calculated. That fact underlines the crucial function of public databases and open availability for the results of publicly supported research. It was not until the Protein Data Bank 7 (PDB) and the Feldmann microfiche atlas 8 , in the late 1970s, that Ramachandran plots could show datapoints from protein crystal structures. The 1976 PDB had 27 deposited structures, about half of which reached 2Å resolution (1b5c cytochrome b5, 1cpa carboxypeptidase A, 1cyt ferricytochrome C, 1fxn flavodoxin, 1lhb lamprey hemoglobin, 1mbn met myoglobin, 2pab prealbumin, 1rei immunoglobulin light chain, 1rns ribonuclease S, 1sns Staphylococcal nuclease, 2cha chymotrypsin, 2cna concanavalin A, 2pti pancreatic trypsin inhibitor, 2rxn rubredoxin).
The advent of the Ramachandran plot resulted in adding φ,ψ criteria to hydrogen bonding patterns as defining characteristics of the α-helix and β-sheet secondary structures. For example, both Chothia 9 and Salemme 10 studied the relationships between shape parameters for β-sheet (twist, pleat, curl, etc.) and direction of change or alternation on the φ,ψ plot. That same process also happened for smaller, non-repetitive structural motifs. Tight turns, or β-turns, were first defined by Venkatachalam in 1968 as the conformations of a tripeptide unit that form a CO(i) -NH(i+3) H-bond 11 . When turn examples were compiled 12, 13 , the H-bond requirement was found to be an artificial distinction, and the definition shifted to requiring a Cα(i) -Cα(i+3) distance <7Å with turn types defined by φ,ψ values for the two central residues, often plotted explicitly 14 .
The much rarer γ conformation ( Figure 1 ) has a history of wild swings between over-use and complete obscurity. First postulated in 1943 by Huggins 15 and then forgotten, it was proposed again in 1972 16 as forming the γ turn (with a CO(i) -NH(i+2) H-bond) and an example was identified in thermolysin 17 . The γ conformation is overemphasized in some calculations (see below), and was for a long period invoked too readily to explain peptide spectra, while it was again forgotten by the protein community and classed as an outlier by all the early validation programs (e.g., ProCheck 18 ). Recently it has been reinstated as allowed but unfavorable, and validly over-represented at active sites 19 . The discovery of helix N-caps and C-caps was motivated by a search for ways that the overall polypeptide chain direction could change dramatically at the ends of secondary structures. It was carried out by plotting contours for the angle between successive CO groups onto the Ramachandran diagram, which showed that the most promising conformations would be poly-Pro, 3-10, and L3-10, with nearly perpendicular successive COs 20 . A similar CO angle now shows promise as a backbone validation tool at low resolution.
Once enough protein crystallographic data became available for comparison, reproducing the Ramachandran plot became a popular, and demanding, test of molecular energy calculations. For either classical or quantum calculations on the Ala dipeptide in vaccuum, the two global minima are not α-helix and extended, but the γ and γ' conformations [21] [22] [23] , which are the only possible ways of forming a reasonable H-bond between two adjacent peptides. The angle is not good, but the lack of water drives formation of that H-bond in the dipeptide. Occurrence statistics show that this is not the right answer, because the γ' conformation is allowed but not optimal, and γ occurs but has a small clash between O(i-1) and Cβ and is very rare 19 . Increasingly sophisticated simulations with dielectric terms, explicit waters, all hydrogens, free energies, and mixed quantum/classical strategies do an increasingly good job [24] [25] [26] , but many details remain elusive, such as the shape of the steep diagonal cliff above right of α, the relatively unoccupied region left of α, and especially the distribution for Gly. Some energy functions now include an empirical Ramachandran-plot term 27, 28 , although double-counting of the same physical effect is a caution, offset by means such as eliminating repetitive, H-bonded secondary structures from the reference data 29 . However, both the structural data analyses and the computational methods are actively improving, and it seems promising that they may fairly soon converge on agreement supported by a more complete physical understanding.
Use for Validation
The idea of "validating" macromolecular crystal structures started around 1990, with Ponder and Richards defining the first sidechain rotamer library in 1987 30 , Branden and Jones pointing out some serious errors in deposited structures in 1990 31 , Engh and Huber surveying smallmolecule crystal structures to better determine mean and σ values for bond lengths and angles in 1991 32 , Brunger defining Rfree in 1992 33 , and the Thornton lab developing ProCheck in 1992-3 18, 34 . ProCheck used geometry and rotamer measures, but its centerpiece was Ramachandranplot criteria as a solidly based quality check independent of the target functions in crystallographic refinement. They recognized that the database of solved macromolecular structures had achieved adequacy for empirically defining such criteria, but it still required a tour-de-force of interpretation to extract reliable measures from the very noisy plot of all 100,000 residues of data in the 1991 PDB -all resolutions, all copies, all B-factors. For the last 20 years of protein crystallography, ProCheck's "core", "allowed", and "generously allowed" Ramachandran regions have been the most reproducibly reported quality measures after resolution and Rfree, are part of the PDB deposition process 35 , and are widely recognized to have reduced the frequency of errors 36 . After several years' growth in PDB depositions, increase in highresolution structures enabled by cryocooling and synchrotron sources, and community experience in applying φ,ψ validation, those Ramachandran criteria were re-examined. Examples (such as γ turns) of residues in regions disallowed by the modified hard-sphere Ramachandran calculations 5 or by the ProCheck empirical criteria were carefully investigated and judged valid [37] [38] [39] , while some parts of ProCheck's "generously allowed" regions now seemed too generous. In response, both Hooft et al. for What-Check 40 and Kleywegt and Jones for Oops 41 defined very similar and well-behaved φ,ψ outlines of a "favored' region that encloses 98% of the reference data, but declined to make the more difficult distinction between somewhat disfavored conformations and truly disallowed outliers. The 98% level was a good choice, because its outline has stayed virtually constant up through the most recent updates. Percent Ramachandran favored residues (or % core and % allowed by ProCheck) for a given protein crystal structure provides good validation of its overall quality, and has guided the development of model-building and refinement methodologies, but such single numbers do not help very much in identifying and fixing individual errors.
A reliable distinction of disfavored from outlier φ,ψ conformations is only a decade old, because it required B-factor filtering at the residue level, smoothed contours rather than 10° bins, and enough highresolution, high-quality data to define a robust contour at the 3.5σ level (99.
19 from a 500-structure dataset, using the by-then classic 98% contour as favored, and the 99.95% contour to divide allowed from outliers. As well as omitting Gly and Pro from the Ramachandran general case (done since ProCheck), MolProbity explicitly scores them from individual distributions. Following the lead of Karplus 42 , pre-Pro residues are also scored separately. For those three individual cases, a well-behaved outer contour could be defined only at the level of 99.8% of the filtered reference data. These scores are reported for individual residues in Coot 43 and Phenix 44 as well as MolProbity 45 , to help identify and correct local fitting errors when used in combination with hydrogen addition and all-atom contact analysis 46 .
Use in Prediction and Design
The relationships shown by the Ramachandran plot were one factor in encouraging development of the early tries at predicting protein secondary structure and then 3D structure [47] [48] [49] . Backbone conformation will always be the central goal of such predictions, and although their success is still judged primarily by Cα rmsd measures 50 , the full Ramachandran relationships in some form are essential to achieving such success and have increasingly been incorporated explicitly into most prediction software 28, 51 . For structure validation, the outermost contour between allowed and outlier conformations is the most crucial; it is determined by backbone and Cβ clashes within the dipeptide, and is therefore essentially identical for 16 of the 20 amino acids (the "general case"). Testing further up than the 98% contour is actually detrimental, because it makes global validation scores dependent on composition of secondary structures. The MolProbity web service is tailored for structure validation, aiming to identify outliers for correction with a minimum of false alarms.
In contrast, for purposes of prediction or design one is most interested in identifying the especially favorable combinations of sequence and conformation. Those depend on shape and H-bonding groups all the way out the sidechain, and thus are individual for each amino acid. Individual Ramachandran plots for each amino acid have often been made 21, 52 and interesting specific points learned from comparing them, but until recently there was not enough data to allow their systematic use. Two main strategies are used to improve reliability and smooth probabilities in the favored Ramachandran regions: fit of analytic, differentiable functions 53 and use of Bayesian statistics 54 . The Dunbrack lab has recently applied Bayesian methodology from their Scwrl sidechain rotamer tools 55, 56 , widely used in the prediction/design community, to the calculation of Ramachandran probabilities 57 . Now that the protein design field is moving past redesign on rigid backbones [58] [59] [60] , some form of Ramachandran term has become important either for perturbation or for full de novo design of backbone. Such use primarily depends on the favorable φ,ψ regions and their correlation with sequence.
Adding Dimensions
Although the long-lasting success of the Ramachandran plot depended strongly on the initial decision to drop all but the two most important dimensions of φ and ψ, we now have enormous datasets and powerful visualization tools that give us the luxury of investigating the secondorder gains from adding other dimensions. Reflecting Ramachandran's use of a wider τ angle to allow population of the "bridge" region between α and β, the accepted mean value of τ is 111.8°, 32 well above tetrahedral 109.6°. In 1996 Karplus showed that the variation of τ as a function of φ,ψ is quite large 43 (as shown in Figure 2 ). That τ variation is the centerpiece of a "conformation-dependent library" 61, 62 (CDL) from Karplus and Dunbrack which defines all near-backbone bonds and angles as a function of φ, ψ. The most obvious parameter to add is of course ω, the torsion around the peptide bond. That is tricky, however, because the 180° difference between cis and trans forms overwhelms the significant variability within each form. Dunbrack and Karplus have studied the variability of trans ω seen in the well-ordered parts of atomic-resolution structures and found that φ,ψ dependence can account for about 25% (+/-8°) of the variance 63 .
That effect is now part of the CDL. The cis/trans correlation with φ,ψ is now handled by separate Pro φ,ψ plots in MolProbity. A dramatic expansion in dimensionality has been the neighbor- dependent Ramachandran distributions 57 , which add 840 left-neighbor and right-neighbor plots to the basic 21 neighbor-independent plots. PrePro makes the largest difference, but aromatics and branched Cβ residues also have significant effects. This expansion of categories is enabled by a hierarchical Direchlet treatment, which mixes information from plots that share a dimension.
The most powerful extra dimension to the Ramachandran plot found so far is χ1, the first sidechain torsion angle. From the opposite direction, the Scwrl rotamer libraries 55 include "backbone dependent" terms that give rotamer frequencies as a function of φ,ψ and the "penultimate" rotamer library 64 gives frequencies in terms of secondary structure. In the next section, it will be shown that at current data densities it should be highly productive to make use of individual 3D amino-acid Ramachandran plots versus χ1.
Millions of Quality-filtered Residues for the Ramachandran Plot
Our ability to understand and use the information in Ramachandran plots has benefited greatly over the years by growth and improvement in the empirical database of protein crystal structures. This section will explore some highlights of what can now be seen from an order-of-magnitude more high-quality data than produced the original MolProbity system.
Selecting and Filtering the Top8000 Dataset
The Top8000 database was selected from protein crystal structures at <2Å resolution in the PDB release as of March 29, 2011 . Reduce 65 was run to add and optimize hydrogens, including "flips" of Asn/Gln/His sidechains where needed, and the MolProbity score 66 (an estimate of the resolution at which the structure's all-atom clashscore 67 , rotamer quality, and Ramachandran quality would be average) was calculated for each non-identical protein chain of >37 residues. Only chains with <2.0 MolProbity scores, <5% residues with bond length or angle outliers, and <5% Cβ deviation outliers were kept. The PDB's homology clusters as of that same date were used to construct a non-redundant dataset at the 70% level by choosing the example with the best average of resolution and MolProbity score within each cluster. Datasets were also selected at other homology levels, and with a requirement for availability of maps from the Electron Density Server 68 , but the simple 70% dataset is the one used here and called the Top8000. It contains 7,957 protein chains, compared to the 500 chains used in 2003 19 . After the above filtering at the file and chain level, the residue level is also quality-filtered. For purposes of Ramachandran-plot analysis, we omit any residue that has a backbone atom with B-factor ≥30 or an alternate conformation. That leaves 1,573,349 total residues for analysis, compared with 97,368 in 2003. Individual-residue validation scores, all torsion angles and other relevant parameters are stored and queried from our local MySQL database.
Ramachandran Plots for the New PDB Validation
Recently the wwPDB 69 has required the deposition of experimental data as well as coordinates, broadening the possibilities for structure validation, and has convened validation task forces (VTFs) for various structural biology methods. The VTF recommendations will be implemented in new information for depositors, referees, and end-users of macromolecular structures. The X-ray VTF report 70 recommends the adoption of many standardly used criteria, but often with some updating such as percentile scores for each structure both relative to its resolution cohort and also relative to all x-ray crystal structures in the PDB. By some time in 2013, then, both global and per-residue Ramachandran scores will be easily available for every deposited protein structure.
For Ramachandran validation the existing MolProbity system 45 of general-case, Gly, Pro, and pre-Pro needs expansion to 6 categories, with cis and trans Pro separated and an additional category for Ile/Val. Those changes were decided by comparing contours for all amino-acid types (see supplement to VTF report). The outer contours that separate allowed from outlier were essentially identical for 16 general-case residues, and differed strongly among the 6 recommended categories whose Top8000 B<30 distributions are shown in Figure 3 .
Some residues change from allowed to outlier or vice versa with the new criteria, either because of small shifts in the contour position or because of substantial changes for the new categories. 1A88 cis Pro31 (Figure 5a ) with φ=-106°, ψ=+56° was previously scored as outlier, but is within the allowed region of the now-separate Top8000 cis Pro distribution. Clear electron density and flanking mainchain H-bonds validate its conformation. Furthermore, this residue's location adjacent to the enzyme's catalytic triad, with a putative H-bond (dotted line) thought to be important at a later step in the reaction, gives a plausible reason for its unusual but geniune conformation. 1BU8 Val246 ( Figure  5b ) with φ,ψ just below α-helix, was previously scored as allowed, but is now scored as an outlier by the separate Ile/Val distribution. Other validation criteria confirm that it is badly misfit: many all-atom clashes, neighboring Ramachandran outliers, bad Cβ geometry, and difference density peaks. 
Exploiting More Details and More Dimensions
Figure 4 -Top8000 Ramachandran plot for Gly, with axes repositioned to make the populated areas continuous: φ is shifted by 180°, ψ by -90°. α-helix is at lower right and extended conformations across the top. This figure (and related images) is available at 3600x3600px full resolution on http://commons.wikimedia.org/wiki/User:Dcrjsr. The 1.6 million quality-filtered datapoints in the Top8000 distributions illuminate new details such as small clusters indicating local structural motifs. The Gly distribution gains in understandability from repositioning its axes to make the populated areas continuous, as done in Figure 4 , with color-coded datapoint density. The prominent, round cluster at top left contains glycines that enable type II' turns (example in Figure 5c ). Even more evident here than for the general case are the diagonal sweeps produced by correlated changes of φ and ψ along the edges of regions forbidden by backbone clashes.
Motif clusters and other features often are seen only when backbone and sidechain dimensions are combined. A prominent example is the Thr Ramachandran distribution versus the χ1 dimension, shown in Figure 6 . Although the outer contour for Thr matches the general case very well, the areas populated by each χ1 group have almost no overlap. The 3 10 region above left of α is populated entirely by χ1 p threonines. χ1 m threonines lie low in the extended region and χ1 p sit high, while χ1 t strongly prefers the far left side --most of those form pseudo-turns 71 ( Figure 5d ) where Oγ1 imitates a tight turn by H-bonding with NH(i+2).
The most important conclusion from multi-dimensional distributions like Figure 6 is that we had been missing an important aspect of φ,ψ validation. As the next step for MolProbity we will doubtless be using three χ1 classes of Ramachandran distribution for each amino-acid group, and will also explore what these re-imagined, high-dimensional Ramachandran plots can teach us about local structural motifs.
